they exist and work) and the proximate neurobiological mechanisms (i.e., how they work) of social cognition (e.g., beliefs, schemata) in social interactions (e.g., trust, cooperation, altruistic punishment).
Magical ideation refers to beliefs about causality that lack empirical bases. Few studies have investigated the neural correlates of magical thinking and religious beliefs. Here, we investigate the association between magical ideation and religious experience in a sample of Vietnam veterans who sustained penetrating traumatic brain injury (pTBI) and matched healthy controls. Scores on the Magical Ideation Scale were positively correlated with scores on the Religious Experience Scale but only in pTBI patients. Lesion mapping analyses in subgroups of pTBI patients indicated that prefrontal cortex (PFC) lesions were associated with increased magical ideation scores, and this relationship was mediated by religious experience. Our findings clarify the mechanism by which the frontal lobe processes modulate magical beliefs. Suppression of the PFC opens people to religious experiences, which in turn increases magical ideation.
Public Significance Statement
The present study investigates the neural bases of magical ideation in patients with penetrating traumatic brain injury. The findings clarify the mechanisms by which the frontal lobes affect magical ideation: the suppression of the prefrontal cortex opens people to religious experiences, which in turn support magical beliefs. In contrast, magical beliefs do not make people more prone to religious experiences.
Keywords: traumatic brain injury, prefrontal cortex, religious beliefs, magical ideation Supplemental materials: http://dx.doi.org/10.1037/pac0000336.supp Magical ideation refers to uncanny beliefs about causality that lack an empirical basis (Eckblad & Chapman, 1983) . Religious beliefs are often included in magical thinking (e.g., belief in the existence of a tangible God), yet they differ in several ways. Those who hold religious beliefs are in many respects similar to skeptics insofar as strong religious commitments typically exclude nontraditional paranormal beliefs, whereas magical thinking accepts a broader bandwidth of supernatural causation (Wilson, Bulbulia, & Sibley, 2014) .
The burgeoning neuroscience of belief (Kapogiannis et al., 2009; McNamara, 2006 ) has yet to investigate the neural mechanisms that support magical ideation in patients with brain lesions. It has long been speculated that magical thinking gave rise to religious beliefs in human history (Malinowski, 1948) . However, the proximate underpinnings of magical and religious beliefs are unclear. Here, combining lesion mapping, neuropsychological methods, and mediation analyses, we tested the relationship between magical ideation and religious experience in a sample of Vietnam veterans with penetrating traumatic brain injury (pTBI) and matched healthy controls (HCs). A better understanding of religious beliefs has wide implications for peace and conflict, since religion is an important tool for organizing societies and mobilizing collective action, including cooperation and aggression (Atran & Ginges, 2012) .
Method

Participants
Our sample included 117 veterans with pTBI and 32 HCs (who also served in combat during the Vietnam War but did not sustain any brain injury) participating in the Vietnam Head Injury Study, a longitudinal study of Vietnam War veterans who sustained focal pTBI (Raymont, Salazar, Krueger, & Grafman, 2011) . 
Neuropsychological Measures
Participants underwent extensive neuropsychological testing during their 5-day evaluation at the NINDS (see the online supplemental materials).
Magical ideation was assessed using 17 items from the Magical Ideation Scale (Eckblad & Chapman, 1983) , which consists of true (scored 2) or false (scored 1) questions about beliefs in magical influences (glb coefficient ϭ 0.79). The scale was originally developed to detect schizotypical behavior in the hopes of devising a scale to predict the later development of schizophrenia in college-age students. Most questions ask about a subject's interpretation of personal experiences, such as thought transmission, psychokinetic effects, precognition, spirit influences, and good luck charms (e.g., "I have had the momentary feeling that someone's place has been taken by a look-alike").
Religious experience was assessed using the revised version of the Religious Experience Questionnaire (Edwards, 1976) , which consists of 12 items that reflect a personal affective relationship with God and the perceived influence of God in one's life (glb coefficient ϭ 0.97), including feelings of being forgiven for sins and referring to God when making decisions (e.g., "I experience an awareness of God's love"). The items were rated on a 7-point Likert-scale (1 ϭ never, 7 ϭ always).
Magical ideation and religious experience scores were computed for each participant by averaging responses to all scale items.
Executive function was assessed using three Delis-Kaplan Executive Function System (D-KEFS) tests: Sorting, Trail Making, and Verbal Fluency (see the online supplemental materials). Higher scores indicate better performance in the executive function tests. Additional measures (e.g., trait anxiety, intelligence) were also administered and are described in the online supplemental materials.
Computed Tomography Acquisition and Voxel-Based Lesion-Symptom Mapping
Computed tomography scans were obtained, and lesion volume and location were determined as described in the online supplemental materials.
Voxel-based lesion-symptom mapping (VLSM) analysis was conducted to analyze the relationship between lesion and behavior on a voxel-by-voxel basis. Four pTBI subgroups were selected based on median split analyses on magical ideation scores and religious experience scores: (1) both high magical ideation scores and high religious experience scores (M H R H , n ϭ 33), (2) high magical ideation scores but low religious experience scores (M H R L , n ϭ 23), (3) low magical ideation scores but high religious experience scores (M L R H , n ϭ 24), and (4) both low magical ideation scores and low religious experience scores (M L R L , n ϭ 37). For each subgroup of pTBI patients, magical ideation scores were compared between pTBI and HCs at each voxel using the Mann-Whitney U test, corrected at a false discovery rate of 0.05 (one-tailed), with a minimum cluster size of 10 voxels and a minimum number of four participants with overlapping lesions at any voxel.
Statistical Analysis
Statistical analyses were conducted using R 3.4.1. Statistical significance level was assessed at the traditional p Ͻ .05 level (two-tailed) for all analyses. Correlations were computed using Spearman's rank correlation coefficients. Mediation analysis was performed by entering prefrontal cortex (PFC) lesion size as the independent variable, religious experience score as the mediator, and magical ideation score as the dependent variable (see the online supplemental materials). The bias-corrected 95% confidence intervals were computed from 5,000 bootstrap samples to evaluate the size of the indirect effect.
Results
Behavioral Results
Neuropsychological measures for the pTBI and HC groups are reported in Table 1 . The pTBI group and HC group were matched on most neuropsychological measures. The pTBI group showed lower postinjury intelligence than HCs (Z ϭ Ϫ3.23, p ϭ .001), but their scores were within the normal range. Although prior research suggested that religiosity shows overall negative correlations with intelligence, there was no significant correlation between intelligence and religious experience in either group (all ps Ͼ .1). Patients with pTBI reported lower trait anxiety than HCs (Z ϭ Ϫ1.96, p ϭ .05) and performed worse than HCs on executive function tests (p Ͻ .05 for all three tests).
The pTBI and HC groups did not reliably differ in magical ideation (Z ϭ Ϫ0.92, p ϭ .36), but the pTBI group reported marginally higher religious experience scores than the HC group (Z ϭ Ϫ1.84, p ϭ .07). Magical ideation was associated positively with religious experience in pTBI patients ( ϭ 0.29, p ϭ .001) but not in HCs ( ϭ 0.18, p ϭ .33). Trait anxiety was positively associated with magical ideation in pTBI patients ( ϭ 0.28, p ϭ .002) but not in HCs ( ϭ 0.08, p ϭ .68). Furthermore, magical ideation scores were negatively associated with trail-making performance in pTBI patients ( ϭ Ϫ0.21, p ϭ .025), but there was no statistically significant association observed with executive function measures and magical ideation scores in HCs (all ps Ͼ .1). Magical ideation scores were not significantly associated with pre-or postinjury intelligence scores in either group (all ps Ͼ .05).
VLSM Analysis
VLSM analyses were performed in each of four subgroups of pTBI patients with different combinations of levels of magical ideation and religious experience. Neuropsychological and demographic measures were matched across these subgroups (Table 2) . Statistically significant clusters associated with increased magical ideation were found in the M H R H and M H R L groups (Figure 1) . In the M H R H group, lesions associated with higher magical ideation were identified in the bilateral PFC, including the bilateral superior frontal gyrus (SFG), middle frontal gyrus (MFG), inferior frontal gyrus, medial orbitofrontal cortex (mOFC), gyrus rectus, anterior cingulate, and the right supple-mental motor area. In the M H R L group, lesions to the left ventromedial PFC, including the left SFG, MFG, mOFC, and gyrus rectus, were associated with higher magical ideation. See the online supplemental Table S1 for a list of clusters.
Mediation Analysis
Results indicate that the effect of a PFC lesion on magical ideation is mediated through religious experience (indirect effect ϭ 0.0019, SE ϭ 0.0008, 95% CI [0.0007, 0.0040]). However, we found no statistically significant mediation effect when the mediator and outcome variables were reversed (indirect effect ϭ Ϫ0.0005, SE ϭ 0.0058, 95% CI [Ϫ0.013, 0.011]). Additionally, the mediation effect remained statistically significant (indirect effect ϭ 0.0016, SE ϭ 0.0008, 95% CI [0.0005, 0.0037]) when trait anxiety and trail-making performance were included (both correlated with magical ideation in pTBI patients) as covariates.
Discussion
Previous research has found that the suppression of functionality in the PFC is linked to both supernatural beliefs (Wain & Spinella, 2007) and supernatural experiences (Cristofori et al., 2016) . Our findings are in accord with this frontal regulatory role. Exploratory lesion analyses in pTBI subgroups indicate that bilateral PFC lesions are associated with increased magical ideation. Our findings reveal a mechanism through which magical beliefs and religious experiences are linked: (1) PFC damage is associated with greater religious experience, which in turn increases magical ideation, and (2) the reverse pathway is not supported; we do not find evidence that having greater magical ideation increases religious experience. Thus, while magical and religious ideation are conceptually similar, these domains are differently modulated by the frontal lobes. Of course, it would be too simplistic to infer that such a relationship explains religious and magical ideation. Other factors, such as intuitive cognitive style (Pennycook, Cheyne, Seli, Koehler, & Fugelsang, 2012) and dualism and teleology (Willard & Norenzayan, 2013) , have been found to underpin both religious and supernatural beliefs. Cultural and social influence can play an additional role, and these factors should be considered in future studies of magical ideation and religious experience in patients with brain injuries.
Whether magical and religious experiences can be disentangled and, if so, how they are linked remain topics of longstanding speculation (Malinowski, 1948) . If the evolutionary problem is to express socially acceptable forms of supernatural ideation, then it is expected that socially marginal forms of supernatural ideation such as magic would conform to socially popular forms (aka religion), which help groups act in cohesive and coordinated ways, promoting both ingroup solidarity and outgroup biases. Despite theories that magical thinking renders religion plausible (Malinowski, 1948) , our observation for a causal path from religion to magic is more consistent with the constraints imposed on beliefs dependent upon a social coordination system. The results also merge nicely with previous research on various aspects of human beliefs and bolster the important role that the human frontal lobes play in storing and modulating religious beliefs and related social and cognitive processes (Cristofori et al., 2016; Zhong, Cristofori, Bulbulia, Krueger, & Grafman, 2017) .
